analysing this chromosome is not only interesting for academic scientists but also for the huge and lively community of amateur genealogists and citizen-scientists, fascinated in analysing their own genealogy or surname. This popularity, however, has also some drawbacks, mainly for privacy reasons related to the DNA donor, his close family and far-related namesakes. In this review paper we argue why Y-chromosomal analysis and its genetic genealogical applications will still perform an important role in future interdisciplinary research.
Introduction
The quest for one's roots seems to be a universal endeavour. The desire to find one's origin is often translated into tracing back a genealogical tree and identifying one's ancestors (Zerubavel 2012) . This is usually done by researching archival evidence, such as documents in civil or parish records that can reveal genealogical connections. These original genealogical records are increasingly being made available online through national and local archives, open access sites like http://familysearch.org, and several subscription sites of commercial genealogical companies. This type of evidence, however, is quite often lost or may have never existed in the first place. In that case, one can resort to genetic tests, since they can establish the genetic relatedness between individuals at a time depth comparable to that of most genealogical trees (Jobling et al. 2013) . A key difference can be noticed: genetic tests establish only biological and not social relatedness. Adoption or false paternity may result in socially defined familial relations that are not genetic. Thus, genetic tests provide also the possibility to verify the biological versus legal genealogy Abstract The Y chromosome is currently by far the most popular marker in genetic genealogy that combines genetic data and family history. This popularity is based on its haploid character and its close association with the patrilineage and paternal inherited surname. Other markers have not been found (yet) to overrule this status due to the low sensitivity and precision of autosomal DNA for genetic genealogical applications, given the vagaries of recombination, and the lower capacities of mitochondrial DNA combined with an in general much lower interest in maternal lineages. The current knowledge about the Y chromosome and the availability of markers with divergent mutation rates make it possible to answer questions on relatedness levels which differ in time depth; from the individual and familial level to the surnames, clan and population level. The use of the Y chromosome in genetic genealogy has led to applications in several well-established research disciplines; namely in, e.g., family history, demography, anthropology, forensic sciences, population genetics and sex chromosome evolution. The information obtained from 1 3 of an individual, something which cannot be verified using only written records.
The whole genome can be (and is being) used to establish relatedness. At the single locus level, identity by state among alleles can be translated into identity by descent and hence into some relatedness index if the population allele frequencies are known (Speed and Balding 2015) . If whole chromosomes are considered (which is feasible with SNP arrays or whole genome sequencing), shared segments can be determined. The number and length of these segments can be used to determine the number of meioses that separates two individuals (Lareu et al. 2012) . Beyond close family (>6th degree relationships), however, both methods suffer from low sensitivity and precision even when using the whole genome, due to the vagaries of recombination (Byrnes et al. 2014; Huff et al. 2011; Li et al. 2014; Speed and Balding 2015) . Recently developed methods based on rare shared variants in whole genome data enlarge the possibilities to allow detecting relationships of a higher degree (Al-Khudhair et al. 2015; Schiffels et al. 2016) , however, their sensitivity is still poorer than that afforded by haploid markers. Unilinearly transmitted genome segments, namely mitochondrial DNA (mtDNA) and the non-recombining portion of the Y chromosome (NRY) are strictly passed down through, respectively, the maternal and paternal lines, and could in theory be used to trace them. Note that, given the lack of recombination in these genome regions, they have been inherited through the genealogical tree that unites either all human maternal lineages or all paternal lineages (Underhill and Kivisild 2007) .
In genetic genealogy, the NRY is clearly more popular than mtDNA for a number of reasons. The Y chromosome has a stronger geographic differentiation compared to mtDNA, probably because of a higher female migration rate linked to traditional patrilocal marriages (i.e., the bride moving into the groom's village) (Wilkins 2006 ) and this, especially on a local scale (Marks et al. 2012) . Also, as discussed in the next paragraph, the polymorphisms in the Y chromosome have a much wide-range of mutation rates than those in mtDNA, which are practically limited to nucleotide substitutions and short indels (van Oven and Kayser 2008) . Thus, the time range over which the Y chromosome provides reliable estimates of the time to the most recent common ancestor (tMRCA) spans from a few generations to thousands of years. Finally, most societies are patriarchal, and family relations are defined on the male line. A clear expression of this pattern are surnames: the Y chromosome traces surnames, while the surname of the bearer of a particular mtDNA changes each generation. Therefore, it is understandable that the paternal line is the most interesting and best studied among genealogists. Moreover, since many of the academic Y-chromosome experts and of the citizen scientists include woman researchers, the popularity of Y-chromosome is not related to a male-biased interest in genetic genealogy (Zerubavel 2012) .
Diversity is required for Y chromosomes to be able to detect male relatedness. Two types of genetic polymorphisms are mostly used in Y-based genetic genealogy: single nucleotide polymorphisms (SNPs) and short tandem repeats (STRs). The NRY is nearly 57 Mb long (QuintanaMurci and Fellous 2001) and at least 65,000 SNPs and short indels have been found by sequencing 1244 human Y chromosomes from the 1000 Genomes Project . Each one of these Y-SNPs first originated at some branch of the genealogical tree that unites all human males. Some Y-SNPs may have deep origins and are shared by most men, others may be more recent and are spread in some geographical regions, whereas others may be so recent that they are confined to a single family or even a single individual. Nevertheless, their sheer number has allowed to reconstruct the main branches of the paternal phylogenetic tree which are referred to as haplogroups. Population studies have mapped the geographical deployment of this tree, often referred to as the phylogeographical structure of the Y chromosome (Jobling and Tyler-Smith 2003) . In genetic genealogy, Y-SNPs can thereby be used to establish the evolutionary lineage and the broad geographic origin of a particular Y chromosome. Y-STRs are less numerous than Y-SNPs: the most comprehensive catalogue lists 4500 of them (Willems et al. 2016 ). However, they have faster mutation rates than Y-SNPs: the average mutation rate for all polymorphic Y-STRs is 3.83 × 10 −4 mutations per generation (Willems et al. 2016) , although the most commonly employed and commercially available subsets have faster mutation rates: 2.80 × 10 −3 (http://www.yhrd.org, accessed June 16th, 2016) for the 16 most used Y-STRs, and 13 rapidmutating Y-STRs reach mutation rates >10 −2 (Ballantyne et al. 2012) . Combination of Y-STR alleles are referred to as haplotypes. Since each Y-STR mutation happens in some Y chromosome with a particular Y-SNP haplogroup, Y-STR allele variation is deeply partitioned by haplogroup (Bosch et al. 1999 ) after which Y-STR haplotypes can be used with varying precision to predict Y-chromosomal haplogroups in the absence of Y-SNP genotypes (Athey 2005 (Athey , 2006 Schlecht et al. 2008) . The occurrence of duplicated Y-STR alleles and intermediate Y-STR allele variants is, especially useful in haplogroup predicting as they are often linked to a specific haplogroup (Balaresque et al. 2009; Myres et al. 2007 ).
Both Y-SNPs and Y-STRs can be used to detect whether two men are patrilineally related. However, only subsets of Y-SNPs that are used to determine haplogroups are of course not sufficient to differentiate each patrilineal family within a population: after typing 120 SNPs, Larmuseau et al. (2014c) found that 6.7% of the pairs among 773 unrelated Flemish men carried identical haplogroups. But, using comprehensive Y-chromosome sequencing testsa service that some companies also offer to the general public, namely Full Genomics Corporation (Rockville, Maryland, USA) and Family Tree DNA (Houston, Texas, USA)-relatedness can be easily ascertained including the tMRCA, provided that sequencing has been performed to the depth, required to call appropriately all Y-SNP genotypes. For instance, the closest pair of Y chromosomes in a sample of 50 Spanish males ) has different alleles in 29 SNPs (out of 5562 polymorphic positions in 12,923,389 bp of sequence), while with a pedigree mutation rate of 3.07 × 10 −8 per basepair and generation (Helgason et al. 2015) , the probability of having more than ten differences in a pair of fourth cousins is 0.27% (estimated under an infinite sites model with a Poisson distribution). Closer relationships would obviously bear even more similar Y chromosomes. As for Y-STRs, one of the most popular sets, i.e., the PowerPlex ® Y23 System (Promega, Madison WI, USA), yields a closer call: 0.006% of the pairs among 705 unrelated Spanish males carry identical 23-Y-STR haplotypes, while we estimate that 39.83% of fourth cousin pairs would have identical STR haplotypes when using locus-specific mutation rates (http://www.yhrd.org, accessed June 16th, 2016) and a strictly stepwise mutation model (Fig. 1) . A more definite separation could be obtained by adding rapidly mutating Y-STRs or Y-SNPs within the R1b haplogroup (Larmuseau et al. 2014b ; Solé-Morata Number of Y-SNP allele differences et al. 2014) . In general, the combination of appropriately selected Y-SNPs and large numbers of Y-STRs makes it possible to fine-tune genetic genealogic testing (Walsh 2001) .
In the following sections, we will discuss the application of the Y chromosome in a genealogic frame to identify historically relevant remains, to confirm genealogical relatedness (or conversely, to estimate false-paternity rates), and to ascertain patterns of relatedness in communities and populations. We will observe how the Y chromosome can be used to learn about a system of memes that are paternally inherited as well, namely surnames. Beyond genealogy, we will also venture into the current and future applications of Y chromosome lineages, in fields going from demography to forensic genetics. Finally, we will describe how genetic genealogy is one of the scientific pursuits where the work of citizen scientists has had a sizeable contribution, but we will also stress how its popularity can lead to ethical concerns.
Genealogy, identification, and the Y chromosome
Human remains can be identified by genetic comparison with undisputed samples from the same individual or with samples from close relatives. However, if the relatives being compared are a few meioses apart, the shared fraction of the autosomal genome decreases exponentially and autosomal markers lose much of their power to produce a positive identification. The Y chromosome does not experience such decay in power and the differences between relatives accrue only as fast as the mutation rate of the polymorphisms being compared (Kayser and Ballantyne 2014) . Coupled to the fact that male-line relatives are easier to trace through their surnames, this implies that the Y chromosome has been used to identify historically relevant individuals. In some cases, the identification of the dead in violent conflicts is sought. For instance, human remains in mass graves from World War II (Pajnic et al. 2010 ) and the Spanish Civil War (Baeta et al. 2015) were identified with Y-STRs proving to be an invaluable tool, alongside autosomal STRs. Other cases were well beyond the capabilities of autosomal STRs; thus, Y-SNPs and Y-STRs have been used to identify a number of remains of historical figures. A good example is the research on the remains of Jörg Jenatsch, who was a Swiss national hero in the seventeenth century. His putative remains were exhumed in 2012 from the Chur cathedral. Three Jenatsch men, separated by 14 meioses from Jörg Jenatsch, carried the same Y haplogroup as found in the Chur remains and differed only in one repeat each at three Y-STRs. According to the calculations by Haas et al. (2013) , this makes the remains 20 times more likely to belong to Jörg Jenatsch than to an unknown male.
After this success, we discuss two other cases that provide cautionary tales, rather than positive identifications using Y-chromosomal data. In 2012, a skeleton was excavated at the presumed site of the Grey Friars friary in Leicester, the last-known resting place of King Richard III. Archaeological, osteological and radiocarbon dating data were consistent with being his remains; mtDNA comparison with two living maternal relatives (although separated by 18 and 20 meioses) gave a match. Taking all this in consideration, this was all positive evidence for the identification of King Richard III (King et al. 2014) . But when a set of five paternal relatives were compared to each other, four shared a Y-STR haplotype, while the fifth did not. The shared Y haplogroup did not match with that of the King's remnants. Given the overwhelming evidence for the remains being those of Richard III, King et al. (2014) uncovered two historical cases of false paternity, one in the four generations in the branch leading to the living relative carrying a different Y-STR haplotype and one in the 18 generations intervening between the common ancestor of the five living relatives and Richard III. Although male-line relatives are easier to find from genealogical records and peerage registries, false paternity is a much more common occurrence than false maternity, and has to be taken into account in identification studies based on Y-chromosomal data.
Other problems may arise from the difficulties in extracting sufficient undegraded DNA from ancient samples, and from the fact that the remains of historical figures can become coveted relics with monetary value and prey to forgery. Both factors may have been in play in the attempt to verify the presumed remains of Bourbon kings of France: a mummified head attributed to Henry IV, and a handkerchief that may have been dipped in Louis XVI's blood. Seven generations separated the two kings on the male line, and a six Y-STR haplotype showed only one difference in repeat among the two relics (Charlier et al. 2013; Lalueza-Fox et al. 2011) . However, an analysis of three living male relations, belonging to two different lines that had common Bourbon ancestors which were direct descendants of Henry IV and ancestors of Louis XVI, showed that all three shared a haplogroup and had similar 38 Y-STR haplotypes, which were different from those in the relics (Larmuseau et al. 2014a ). Moreover, Henry IV was maternally related to Louis XVII, and a mtDNA sequence recovered from his preserved heart did not match that from the mummified Henry IV's head (Jehaes et al. 1998 (Jehaes et al. , 2001 . Later, the authors of the original paper on the Louis XVI's relic went on to sequence the entire genome of the blood on the handkerchief (Olalde et al. 2014) . The results placed the ancestry of the relic in northern Italy (coincidentally, where the relic surfaced), while Louis XVI's ancestry was mostly central European. Moreover, some phenotypical traits that could be predicted from the genomic sequence (such as height, obesity and eye colour) did not match Louis XVI's traits. The authors argued that either the relic was forged or it was heavily contaminated with other human sources, and in any case, the partial match with Henry IV's relic was sheer coincidence.
Confirming genealogical relatedness
Document-based genealogy is the first resource to be employed in searching family roots or in establishing whether two people are related. However, the papertrail may be missing, or it may not reflect the biological relationship between two people. We have already seen how the Y chromosome is a powerful tool to discern a genetic connection by analysing Y-SNPs and Y-STRs, although it is not particularly precise to establish the exact degree of relatedness. This power has been used to solve some notorious cases involving public figures. The most famous case is that of US President Thomas Jefferson: by comparing his respective male-line descendants, it was confirmed that Thomas Jefferson-and not one of Jefferson's sister's sons as was initially believedfathered his slave Sally Heming's last son (Foster et al. 1998) . Also, it was refuted that Chinese emperor Cao Cao (155AD-220AD) was related to marquis Cao Can, as he claimed (Wang et al. 2012 ) by comparing their respective descendants. Subsequently, the ancient DNA analysis of emperor Cao Cao's granduncle confirmed his relatedness to his putative current descendants (Wang et al. 2013) .
Rather than seeking genetic confirmation of genealogical relationships, Y chromosome analysis has been used to quantify rates of misattributed paternity or non-paternity (that is, discrepancy between the social and the biological father) by comparing large numbers of distantly related men in populations where oral or documental genealogies can be obtained. Note that this method would not detect non-paternities produced by patrilineal relatives of the social father. Strassman et al. (2012) found that the rate of non-paternity events was 1.8% per generation in Dogon (Mali) across all religions. It should be taken into account that this study was based on oral genealogies, which could lead to some errors and an overestimation of non-paternity rates. Studies based on written genealogies have produced similarly low rates: 0.9% per generation in Flanders, Belgium across the last 500 years (Larmuseau et al. 2013b) , which was exactly the same estimated rate for the last 300 years in the Afrikaner population in South Africa (Greeff and Erasmus 2015) but slightly lower than that in a North Italian population (1.2% per generation over the last 400 years) (Boattini et al. 2015) .
In the name of the father
Surnames and the Y chromosome are inherited together through the paternal line in most cultures with exceptions due to false paternity, adoption and inheritance of the maternal surname. Actually, surnames can be modelled as alleles of a single locus in the Y chromosome and have been used as such to investigate inbreeding and gene flow between populations through measurement of isonymy (that is, sharing surnames) (Colantonio et al. 2003) . Currently, the reverse approach is more common: the genetic diversity can be used to investigate surnames, whether piecemeal in particular cases, or the overall surname system of a population. In the first scenario, the relatedness of the individuals carrying a surname can be easily determined by Y-SNPs and Y-STRs, and thus, the common origin of that surname can be established. Some companies provide the public with the genetic tools necessary to investigate their own surnames, and as we will discuss below, singlesurname investigation is mostly the province of citizen scientists. However, a few such studies in surnames of some interest have been undertaken in academia. Sykes and Irven (2000) demonstrated for the first time that indeed different groups of men carrying the Sykes surname had different Y chromosome genetic profiles, and thus, were descendants of different founders of the surname. In the same year an identical study was carried out in Chinese men bearing the Wang surname but no differences in Y-chromosomal variants were found with a random Chinese sample, which was explained by the complex origins of the surname (Dongying et al. 2000) . Other surnames have been investigated by their historical relevance. Martínez-González et al. (2012) showed that the Y chromosomes of bearers of the Colombo and Colom surnames (which would have been the original surname of Christopher Columbus if he were of Genovese or Catalan descent, respectively) were different from each other; moreover, while Colom Y chromosomes formed clear distinct subsets that mapped to different geographical origins within eastern Spain, the Colombos harboured a huge genetic diversity with most Y haplotypes being represented just once. This pattern matches the history of the surname, which was often given to orphans and foundlings in Milan. The authors concluded that, if DNA from Columbus' remains could ever be extracted and genotyped, a Catalan origin could easily be proven, while a match in Italy would be much harder to find. Finally, Martinez-Cruz et al. (2012) showed that carriers of the Basarab surname were not related to the Basarab dynasty of Vlad III The Impaler, also known as Dracula, since the diversity in their Y chromosomes was much shallower and originated in the nineteenth century rather than the fifteenth century when Vlad III ruled, or than the eleventh century, when the dynasty originated.
Studies on whole surname systems of populations are more interesting than particular case studies. King et al. (2006) compared pairs of unrelated British men carrying the same surname and found that signals of co-ancestry were stronger in rarer surnames. They also investigated the intriguing possibility of predicting the surname of the unknown donor of a biological sample, such as in a forensic investigation. King and Jobling (2009a) analysed British surnames and estimated haplotype diversity and the number of founders. The results showed that in Britain, the more frequent surnames tended to have more diverse Y-chromosomal haplotypes, as if surname frequency was driven by polyphyletism. In contrast, an analog study carried out in Ireland showed no significant correlation between the frequency of a surname and the diversity of the Y chromosomes within it. Moreover, the finding that frequent Irish surnames such as O'Sullivan and Ryan present a single founder may be accounted for by male social and reproductive success in the past. Consequently, they considered that the Y chromosome could have suffered from the effect of natural selection not due to its genetic content but to a cultural marker: the surname. On the other hand, it should be noted that this study used only 17 Y-STRs which is insufficient to rule out coincidental matching as a result of convergence, which is especially the case within the-in Ireland most frequenthaplogroup R1b (Larmuseau et al. 2014b; Solé-Morata et al. 2014) . Therefore, a subsequent high-resolution study in Ireland is required to verify the claims by McEvoy and Bradley (2006) . Nonetheless, in Spain, either using Catalan surnames (Solé-Morata et al. 2015) or Spanish, Catalan and Basque surnames (Martinez-Cadenas et al. 2016) , the British model is followed in which the frequency of a surname is driven by how often it was founded. They also quantified the rate of introgression of new Y chromosomes into a surname at 2-3% per generation, and found that the higher rates in areas where the maternal surname was transmitted (if a woman inherited an estate, she transmitted her surname, as a way to ensure that the connection between the land and the surname survived). Also in Andalusia (Spain) Calderón et al. (2015) failed to find such a relationship and interpreted this as a result of the late acquisition of Christian surnames by the local Moslems and Jews. However, they sampled regardless of surname, with many rare (and presumably monophyletic) surnames being sampled just once.
Clans, lineages, castes and other patrilineal institutions
Next to the patrilineal surname-which has a quite recent historical development-there are many other types of descent groups in human populations whereby membership is patrilineally inherited (Kottak 2002) . Members of these groups claim to have a common paternal ancestor or a small group of founder ancestors. Y-chromosomal analysis has the possibility to test the biological relatedness among members of such patrilineal descent groups. The presence of one main descent cluster or a limited number of clusters, and/or a reduction of Y-chromosomal variation in the tested group versus the global population, is generally recognized as a biological basis for these social structures. In the past decade, scientists already studied Y chromosomes within and between patrilineal descent groups in traditional societies as the so-called 'lineages', 'clans' and 'tribes' which are based on oral genealogies and narrative claims (Chaix et al. 2004; Sanchez-Faddeev et al. 2013 ). But it is not only limited to traditional societies, since it is also present and already analysed in Western and Asian populations, like clans in Ireland (McEvoy et al. 2008; Moore et al. 2006) , the 1800-year old stipulated ancestries in China (Wang et al. 2012 (Wang et al. , 2013 , the patrilineal Jewish priest caste (Skorecki et al. 1997 ) and the privileged institution Partecipanza in Northern Italy (Boattini et al. 2015) . Therefore, this type of analysis is complementary to surname studies. However, two generalities are notable in this research. First, an older (estimated) origin of the descent group will lead to a lower signal with Y-chromosomal variation in comparison with the global population. This is partly due to the effect of telescoping, which occurs when there is no fully demonstrated or stipulated descent anymore and the genealogy lacks a gap between the recent past and the (sometimes mythical) 'time of origin' (Chaix et al. 2004; Sanchez-Faddeev et al. 2013) . Contrariwise, there is also a cumulative effect of adoption and extra-pair paternity disturbing the association between the Y chromosome and patrilineal membership since the origin of the descent group. Second, although the majority of the members of a specific descent group has a specific Y-STR haplotype and belongs to a phylogenetically in-depth Y-SNP haplogroup, not all of the individuals who are assigned to that specific Y-chromosomal variant have the same common recent paternal ancestor as those of the members of the particular patrilineal group. This leads to limitations of the use of Y-chromosomal variants as genealogical marker, which was already demonstrated with the so-called Cohanim haplotype (Skorecki et al. 1997 )-including the extended Cohanim haplotype (Hammer et al. 2009 )-which is associated with the Jewish priesthood but was already distributed across the Middle East before the origin of the Jewish priest tradition (Tofanelli et al. 2014) .
Patrilineal relatedness without a priori expectation
Even if there is no expectation of patrilineal relatedness, Y-chromosomal analysis can still detect males sharing a most recent common ancestor who lived in genealogical or historical times. One intriguing phenomenon is the 1 3 presence of large descent groups detectable on population level with a common ancestor who lived in a time period which is still relevant for genealogists and historians. These cases are assumed to be the result of strong 'social selection' in the past, as genetic drift cannot be the (only) driver for the wide distribution of that particular Y-chromosomal cluster and as natural selection on the few Y-chromosomal genes is assumed to be almost non-existent (Balaresque et al. 2015; Zerjal et al. 2003) . Thus, strong social selection with a high reproductive success of a certain male and his descendants is assumed to be the reason for these bursts in the genetic landscape. Several of those large descent groups with origins in the historical period are already described in Asian populations (Balaresque et al. 2015) , including the ones attributed to descendants of the legendary Mongolian leader Genghis Khan (c. 1162-1227) (Zerjal et al. 2003) and of Giocangga (died in 1582) linked to the Qing dynasty (1644-1912) (Xue et al. 2005) . The attribution of the large descent groups to both historical figures are based on the distribution and time estimations of the origin of high successful Y-STR lineages. Moreover, men whose Y chromosomes match these defined lineages, certainly descend from two prolific male ancestors which were carriers of the widespread Y-lineages and which had descendants who had a high reproductive success, as well as wealth and sociopolitical power. These profiles are appropriate for Genghis Khan and Giocangga but the identities of these ancestors remain unclear without the analysis of ancient DNA from the attested remains of candidates or a long-dead descendant as ultimate proof. Next to the eleven examples of successful Y-lineages in the Asian population detected by Balaresque et al. (2015) , another successful lineage was found in Ireland. Almost 20% of the northwest Irish males belong to a Y-chromosomal lineage attributed to the early medieval 'Uí Néill' dynasty and the warlord Niall of the Nine Hostages who lived in fifth-or sixth-century Ireland (Moore et al. 2006) . Although the remains of this legendary king or one of his descendants in the 'Uí Néill' dynasty have not been directly genotyped, the interpretation of the results is supported by the over-representation of the lineage in a large group of Irish surnames assumed to originate in the Uí Néill dynasty. On the other hand, historians challenged the assignment of this wide-spread Y-chromosomal lineage in Ireland to the early medieval 'Uí Néill' dynasty due to the lack of any link between the dynastic families recorded on the fifth-century texts and the later surnames of the tenth-twelfth centuries (Swift 2013) . Moreover, the research by Moore et al. (2006) should be replicated on a higher Y-chromosomal resolution as the conclusions were drawn from haplotypes based on just 17 Y-STRs without the corresponding detailed Y-SNP testing to rule out coincidental matching as a result of convergence (Larmuseau et al. 2014b; Solé-Morata et al. 2014) .
Outside these few examples of large descent groups on population level, there is limited knowledge about the chance of finding two males whose Y chromosomes match due to a shared genealogical or historical paternal ancestor, without any a priori expectation of relatedness as having the same (or similar) surname or clan membership. One study investigated the relatedness between Y chromosomes of different surnames within and between several communities in Flanders on the moment of the start of the surname adoption between the fourteenth and fifteenth century . A low chance (0.35 ± 0.16%) of relatedness in historical and genealogical times between two males with a different indigenous surname was found based on in-depth Y-chromosomal genotyping, which was not higher than the chance of relatedness of donors assigned to the same region or assigned to entire Flanders. This was surprising as synchronic analyses for each time point in the last 400 years showed strong patrilocality in those small Flemish communities. This low chance of relatedness is surely the result of the high genetic drift-or the effect of daughtering out as known by genealogists-next to a high migration rate during the late Middle Ages in Western Europe at the time of introduction of surnames, a phenomenon which was already observed at the same time in England due to the Black Death (Redmonds et al. 2011) . Next, several claims of unexpected patrilineal relatedness between males have been also yet made in on-line genealogical forums by citizen scientists but mostly always reported without any clear time estimate of the most recent common ancestor or statistical test to verify the chances for a false positive relatedness. The most mediatised but academic unpublished claims are those matches between Y chromosomes of a skeleton and a local inhabitant where the bones were unearthed, e.g., as already several times attempted in the Netherlands to enlarge the public interest for a local archaeological project (de Rooij and M'Charek 2015; Lauwerier 2012). Nevertheless, all these claims cannot provide further insights in the occurrence of common patrilineal ancestry within a specific population or across a particular region, which is already attempted based on genomic data (Ralph and Coop 2013) and modelling (Rohde et al. 2004) . Therefore, more population-wide studies using genetic genealogical data with accurate time estimates of Y-chromosomal matches are required.
Applications of the genealogical analysis of the Y chromosome
Y-chromosomal data linked to genealogies yield insights and provide applications in several research disciplines. In this review, we focus on specific applications in particular disciplines, although we are aware of the fact that these applications are never limited to a single discipline but are informative in several other disciplines since genetic genealogy is a catalyst in interdisciplinary research.
Family history
Obviously, genealogical applications of Y-chromosomal analysis are useful for anyone who is interested in family history. Genealogy is a popular hobby worldwide and is, therefore, often reported as the second most popular search term in online search engines (Rodriguez 2014) . Today, genealogists are often turning to records written in DNA next to those in paper archives to solve their problems. As genealogists are generally interested in their paternal lineages, due to the fact that this is often coupled with the surname, Y-chromosomal tests genotyping Y-SNPs and Y-STRs are hugely popular with family historians (Zerubavel 2012) . This enthusiasm was already experienced in the early days of genetic genealogy, even when the knowledge of Y-chromosomal variation and differentiation between far-related males was unable to provide accurate answers on many genealogical questions at that time (Brown 2002) . In 2016, in-depth Y-chromosomal genotyping guarantees low type I and type II errors to verify patrilineal relatedness between two males as well as estimations of their time of most recent common ancestor (tMRCA) (Hughes and Page 2016) . Therefore, several applications of Y-chromosomal analysis in family history were created. First, it is important to verify a particular patrilineal genealogy based on archival documents. Each step back in time requires making a decision by linking at least two instances of information which can be complicated by spelling variation, variants (translations, suffix variation, etc.) and errors (Bloothooft and Schraagen 2015) . Therefore, each genealogy is based on a number of decisions and is in fact always uncertain. Established relatedness based on Y chromosomes between two far-related DNA-donors can provide additional evidence for the correctness of the legal genealogy (Fig. 2a) . Also specific disputable (recent or historical) steps in the genealogy can be verified to a certain level as Y-chromosomal variation is similar among patrilineally related males.
Second, when a 'paper-trail' seems irrefutable but the DNA evidence is contradictory, the genetic test can provide information about any form of illegitimacy somewhere in the genealogy which can be further explored by including extra DNA-donors in the analysis (Fig. 2a) . Therefore, the Y chromosome provides a test for the comparison of legal and biological genealogy of a certain person (Greeff et al. 2012) . Third, the most popular applications of Y-chromosomal analysis in family history are without any doubt the surname projects (Jobling 2001; King and Jobling 2009b) . Not everyone with the same or a similar surname can be linked to each other in an established genealogy, and therefore, (yet) unlinked bearers of a specific surname are puzzled if their surname is once independently given to different families or if they have a common paternal ancestor who cannot be traced back due to a lack of archival records. Therefore, a surname project can lead to the refinement of family trees and the inclusion of branches. Nevertheless, to be certain about the historical relatedness between two lineages with the same (or a similar) surname, participants always need to avoid as much extra-pair paternity and adoptions in the tested lineages as possible (Fig. 2b) .
Finally, genealogists often make their Y-chromosomal profiles public or available in a match database (which may be general or restricted to a particular geographical region or haplogroup) in the hope to find an unexpected patrilineal relatedness. This may be one of the few possibilities for genealogists who have no clue about a paternal ancestor when their paternal lineages stops with a child who was not legitimised by a father, a foundling, an adoption or a sperm donor child. For others, can an unexpected match reveal historical relatedness with another family before the adoption of surnames. Although these results may have some relevance for the families involved, there is only rare academic interest in such case studies, and therefore, these applications are often called 'recreational genetics' (King and Jobling 2009b) .
Demography and anthropology
One central application of Y chromosomes in demography and anthropology is the possibility to estimate and compare (historical) rates of extra-pair paternity (EPP) within and between human populations. By verifying the relatedness within a large number of genealogies using Y-chromosomal data, an estimation of the historical EPP within a particular population can be realised (Larmuseau et al. 2016b ). Therefore, a spatio-temporal analysis of EPP rates makes it possible to analyse in detail the influence of specific factors on paternity uncertainty, e.g., socio-economic situation, religion (Strassmann et al. 2012) , differences in paternal investments (Marlowe 2000; Sear 2016 ), urbanisation and industrialisation (Laslett et al. 1980) , life history patterns and the introduction of reliable contraceptives (Harris et al. 2016; Larmuseau et al. 2016c ). This research creates, therefore, new opportunities to study courtship, marriages and families in the past (Gillis 1985; Rabb and Rotberg 1971) and to compare EPP rates with illegitimacy rates from wellestablished historic-demographical studies (Laslett et al. 1980) . Moreover, Y-chromosomal research has the possibility to finally verify whether premarital children in a certain region and time period were later legitimised by their biological father or by another unrelated person; a fundamental question which is still unresolved in historical demography. Additionally, it is important to know the historical rate of extra-pair paternity within a population to verify the bias in evolutionary demographic studies and the analysis of biological traits, such as, quantitative genetic estimates or the estimation of lifetime breeding success, using historical data (Bolund et al. 2015; Hayward et al. 2015) .
Next to illegitimacy, as family structures and patrilineal social units like lineages, clans and tribes are highly relevant in many human societies, testing the biological background of those structures and institutions is as well highly informative for many anthropologists (Kottak 2002) .Using Y-chromosomal markers, the veracity of oral genealogies and semimythical origins can be supported. Especially the difference in those claims between different types of societies, e.g., pastoral versus farmer populations (Chaix et al. 2007) , is highly interesting to understand the evolution of social structures and to explain patrilineal cooperation (Strassmann and Kurapati 2016) .
Forensic sciences
The analysis of the human Y chromosome provides a powerful tool in forensic cases for male sex identification, male lineage identification and identification of the geographical origin of male lineages (Kayser and Ballantyne 2014) . Especially in sexual assault cases, the Y chromosome provides essential evidence as it is often the only detectable trace of DNA of the offender (Roewer et al. 2014 ). Moreover, because male relatives share an identical Y chromosome profile for several generations, this chromosome is crucial in familial DNA searching or in the prediction of the surname within a forensic identification case (King and Jobling 2009b) . Next, the combination of Y-chromosomal data and genealogical information can be applied in different ways in forensic research. First, the different available and future Y-STR kits can be tested to verify which of them accurately differentiate individuals between and within paternal lineages. Moreover, they can be used to improve familial DNA searching and surname prediction (Butler 2015) . It is assumed that there has to be different Y-STR kits for different forensic questions, e.g., the 23 Y-STR kit is better for familial searching ) in contrast to the rapid-mutating (RM) Y-STRs which are better to differentiate males from one single paternal lineage ). Second, a database with surnames associated with Y-chromosomal genotypes, can be useful within forensic cases with no matches in a DNA database. As such, it is still possible to predict the surname of a particular victim or perpetrator. Nevertheless, as the link between surnames and Y-chromosomal data is weak for common names and not practical for rare names, it is assumed that a database with intermediate frequency surnames will be most efficient (King and Jobling 2009a, b) . Third, genetic genealogy can provide population genetic data of Y-chromosomal markers based on genealogically unrelated males. It is important that this data is also generated on different geographical levels, especially on communal scale in rural regions as the chance of uninformative haplotype matches in a particular region has to be known before a DNA survey is organised in the close area of a crime scene . Fourth, genetic genealogical data provides accurate estimation of mutation rates of (new) Y-chromosomal markers based on (far-)related males. These analyses still increase the accuracy to estimate the tMRCA between two individuals (Ballantyne et al. 2010) . Finally, specific forensic projects create a huge genetic genealogical database as one of the few possibilities to identify bodies in mass graves older than 50 years. By finding Y-chromosomal matches between skeletons and far-related individuals of potential victims, identification of long-dead individuals can still be realised like in the Fromelles project related to Australian and British soldiers in World War I (Scully 2014) and the project to identify victims of communists and Nazi totalitarian regimes in Poland (Ossowski et al. 2016) .
Population genetics
The link between the Y chromosome, surname and paternal lineage provides an excellent opportunity to detect signals of (past) population stratification and migrations which are (yet) undetectable within genomic analysis of currently living individuals or based on the still very limited number of ancient DNA profiles (Larmuseau et al. 2013a) . Since the genealogical data is linked to Y-SNPs which do not mutate in a genealogical time period, such genetic genealogical link makes it possible to study indirectly the population differentiation of each time period between the introduction of the patrilineal surnames until today (Larmuseau et al. 2012a ). Therefore, it is possible to estimate the relevance of past demographic events as migrations during, e.g., the Industrial Revolution in Western Europe at the beginning of the nineteenth century, the religious wars in the Low Countries at the end of the sixteenth century, both World Wars in the twentieth century, etc. This approach also provides a more objective manner to explain an observed population genetic pattern than just link a particular observed pattern with a well-known past event by 'historical cherry-picking' (Jobling 2012) . Of course, this genetic genealogical approach may only generate a virtual temporal sampling limited to individuals who had progeny until today and such a sample will, therefore, not necessarily represent the whole population at a certain point in the past (Helgason et al. 2003) . Another approach is using surnames combined to in-depth genealogies in the sampling in two different ways. First, by analysing Y chromosomes of those males with surnames which were already present in the population since the introduction of surnames in the Late Middle Ages and which were not adopted during the last centuries. As such, it is possible to observe specific signatures of past gene flow events which are invisible in a random set of modern individuals currently living in a specific region or community (Boattini et al. 2015; Bowden et al. 2008; Larmuseau et al. 2015) . Second, historical genetic admixture events that are undetectable from genealogical records can be identified by comparing specific groups of surnames classified by linguistic analysis (Larmuseau et al. 2012b; Niederstätter et al. 2012; Solé-Morata et al. 2015) . Therefore, analyses of Y chromosomes linked to surnames and genealogies, together with a close interdisciplinary cooperation of geneticists, historians, linguists and archaeologists provide more insight in the dynamics of (intra-)regional migrations since the time of surname establishment till nowadays.
Sex chromosome evolution
The mechanisms driving sex chromosome evolution are currently a major research topic in evolutionary genomics (Hughes and Page 2015) . Genetic genealogy has the possibility to study differences of Y chromosomes within patrilineal lineages across 10-20 meioses. Although this is a relatively short time, analysing Y-chromosomal variation across deep-rooting pedigrees has already been highly useful in the detection and evolutionary analysis of an enlarged pseudo-autosomal region (ePAR) due to a non-allelic homologous recombination in particular Y-chromosomal lineages (Mensah et al. 2014) , in the selection of relevant Y-chromosomal markers in the global ) and minimal reference Y-chromosomal phylogeny (van Oven et al. 2014 ). It will also be interesting to further analyse the occurrence and mutation rate of copy-number variants (CNVs) on the human Y chromosome (Jobling 2008; Johansson et al. 2015) , as well as the occurrence of X to Y gene-conversion events (Trombetta et al. 2010) . More insights into the evolution of the human sex chromosomes and Y chromosome variance will definitely be provided by including full sequences of genealogical related persons in these analyses. Moreover, the analyses will also improve substantially the accuracy of genealogical and forensic applications using Y-chromosomal variation.
Huge popularity and drawbacks
Next to academic scientists, huge and lively communities of laypersons or the so-called citizen-scientists are trying to answer genealogical questions by analysing Y-chromosomal data. Most popular are the surname projects and projects related to a specific geographic region to find unexpected far-related families. Amateurs have plenty of books, forums, Facebook groups, (video)conferences and websites at their disposal. The website of the International Society of Genetic Genealogy http://isogg.org provides educational resources and testing company comparison charts. Enthusiastic genealogists have even launched their own journal, namely the 'Journal of Genetic Genealogy', to publish case studies and articles outlining the methodology used by family historians (Pomery 2010a, b) . They also publish their genetic studies on particular surnames in, e.g., the 'Journal of One-Name Studies' and in 'Nomina', the journal of the Society for Name Studies in Britain and Ireland (e.g., Meates 2006; Plant 2005; . Commercial companies offering direct-to-consumer (DTC) genetic genealogy testing for sale are, therefore, highly popular. Since the introduction of such DTC tests in 2000, genetic genealogy is an economic growth sector with continuously new players, mergers and acquisitions of companies (see an overview of the main companies over time : Brown 2002; King and Jobling 2009b; Phillips 2016; Royal et al. 2010; Shriver and Kittles 2004; Wagner et al. 2012; Wallace et al. 2015) . The interest of citizen scientists is often helpful for academic scientists, especially in initiating research after the observation of unusual Y-chromosomal variants (Mendez et al. 2013) , providing enough DNA-donors belonging to a specific rare haplogroup (Sims et al. 2009 ), suggesting interesting Y-chromosomal markers (Rocca et al. 2012 ; http://www.isogg.org) and providing plenty of in-depth Y-chromosomal genotypes-comprehensive Y chromosome sequences at high coverage (50×-80×) and/or 111 Y-STRs-which are often not generated by academic studies due to budgetary considerations. Moreover, some citizen scientists also make sophisticated analyses and tools available, particularly with reference to the analysis of BAM files from Y-chromosome sequence data (e.g., http:// www.ytree.net).
Although the DTC genetic genealogical tests themselves are reliable there are also drawbacks to its popularity, namely in the interpretation of data in relation to deep ancestry inferences and in several ethical issues associated with public access to Y-chromosomal data linked to genealogies. In popular science and on the internet Y-chromosomal markers have become widely identified with particular ancestral, historical or still existing groups such as Celts, Vikings, Anglo-Saxon or Jews. These claims are most likely based on population genetic analyses or distribution maps but they are wrongly applied on the level of an individual driven by public and commercial interests. As such the practice of individual genetic ancestry testing is often highly unreliable, as covered in detail in a recent publication by Jobling et al. (2016) . Some of these claims were based on academic studies by geneticists using the interpretative phylogeographic approach which is now generally considered to be flawed based on simulations (Balloux 2010; Chikhi 2009; Nielsen and Beaumont 2009) and on large-scale ancient DNA analysis (Pickrell and Reich 2014) . Often genetic genealogists are, however, still easily caught for these wrong ancestry claims, which was already notable from the start of genetic genealogical testing (Brown 2002) . Although several initiatives of academic researchers were undertaken to counteract this so-called 'genetic astrology' (Thomas 2013 ; http://www.ucl.ac.uk/ mace-lab/debunking), it will still be very difficult in the future to refute such popular but unfounded deep ancestry propositions about specific Y-chromosomal variants.
Next to the difficulty to discern the border between scientific evidence and myth, the popularity of the Y chromosome and the still substantial growth of publicly available databases of companies providing genetic genealogical tests leads to more and more privacy issues which cannot be ignored any longer. Surprisingly, in contrast to 'traditional' ancestry companies providing services to work out genealogies, genetic genealogy companies focus solely on the client and usually make not particularly aware of the implications for third parties, namely close family members and far-related namesakes (Wallace et al. 2015) . Moreover, they also do not stress the possibility of unexpected results which have the potential to be unpleasant for the participant himself. This is, however, quite important for several reasons. First, it has been reported how difficult it can be for families to accept genetic results when a historically misattributed paternity is discovered or when a persistent family story is contradicted by a simple swab sample (Williams 2005) . Such discoveries can even have some serious repercussions for members within noble families or privileged patrilineal groups (Bingham 2016) . Second, since the extra-pair paternity rate is 1-2% in human populations, it is of course not uncommon that participants of genetic genealogical tests found out that they are not the father of their supposed child or vice versa. Such a discovery or even the possibility of a recent misattributed paternity that may explain a discordant result in their genetic genealogical analysis, can lead to traumatic experiences for participants and their families (Engber 2013; Zarembo 2009 ). Third, although the incidence is low (namely almost 1 in 4000 males), it is always possible to find an absence of commonly used Y-SNPs and Y-STRs which are associated with male infertility (King et al. 2005) . Finally, public databases and websites publishing associations of Y-chromosomal data with surnames has the potential to breach genetic privacy (Erlich and Narayanan 2014) . Gymrek et al. (2013) succeeded even in identifying anonymised personal genomes of the HapMap project by surname inferences. In combination with other the so-called non-identifying information, there are also already several reported cases whereby first-degree relatives were identified in adoption or sperm donor cases (Lehmann-Haupt 2010; Motluk 2005) . On the other side of the ethical debate, adoptees, foundlings, GI babies and the donor-conceived have now the possibility using Y-DNA and autosomal DNA 1 3 testing to find answers about their recent ancestry. Due to the growing popularity of genetic genealogy and ancestry tests, bioethicists have already stated that sperm donor anonymity, which is common in many countries, is under threat (Borry et al. 2013 (Borry et al. , 2014 Harper et al. 2016) . To deal with these ethical concerns, DTC companies should take the effort to inform their clients clearly about those potential implications, which is not sufficient enough until today (Wallace et al. 2015) . Fortunately, citizen scientists themselves are becoming more and more aware that they should warn genetic genealogy users about the possibility of unpleasant results and focus on issues such as ethics and privacy, and they have formulated some 'genetic genealogy standards' (see http://www.geneticgenealogystandards. com/). Indeed, the usefulness of publication of particular Y-chromosomal profiles together with surname or paternal lineage data always need to be balanced with the potential ethical repercussions, and this is applicable to researchers as well as to citizen scientists (Larmuseau et al. 2016a ).
Conclusion
In 2003, Jobling and Tyler-Smith (2003) wrote their influential paper 'The human Y chromosome: an evolutionary marker comes of age' about the preceding new avenues for investigating human evolution by Y-chromosomal research. In the last decade, the male chromosome fulfilled these promises in numerous evolutionary genetic studies. In 2016, the Y chromosome is just a single locus that is being pushed to the background of human population genetic studies, in favour of full genome analysis. Nonetheless, due to the association with surname and patrilineage, the Y chromosome is still the most popular marker in genetic genealogy. Although genomic studies are commonplace and accessible to most research laboratories, this will remain in the future due to the many unique applications Y-chromosomal data generates when it is combined to genealogical data. In upcoming years, the efficacy of these applications will still increase when more and more full Y chromosome sequences will be available, making tMRCA estimations more accurate, and when genealogical data will become more available due to the exponential growth of digital genealogical and historical demographical databases. Nonetheless, due to its popularity and still increasing possibilities, a thorough bioethical investigation is needed to find an adequate balance between research aims and privacy concerns in Y-chromosomal research.
